Off-flavor and lipid oxidation are possible defects of irradiated bulgogi. This study compared the effects of several physico-chemical treatments on microbial safety, volatiles, lipid oxidation, and sensory properties of irradiated beef bulgogi. Samples were separately irradiated with 20 kGy after each treatment such as packaging (aerobic and vacuum), antioxidants (vitamin C + α-tocopherol (0.0 and 1.0%, w/w)), charcoal teabags (0 and 0.5%), or different temperatures (room temperature, -20, and -70°C). No bacterial growth was observed (p<0.05) after irradiation of more than 20 kGy during storage at 35°C. Volatiles created by irradiating bulgogi were toluene, heptane, and 1,3-bis(1,1-dimethylethyl)benzene. Irradiation offflavor, lipid oxidation, and deterioration of sensory quality induced by irradiation were effectively reduced (p<0.05) by all physico-chemical treatments tested.
Introduction
Bulgogi is one of the most popular Korean traditional dishes, and it is gradually popular in international society acceptance. Bulgogi is prepared by marinating thin slices of beef in the sauce formulated with soy sauce, garlic, onion and other seasoning, and grilling them. Commercial bulgogi sauce and ready-to-cook/ready-to-eat bulgogi has been increased. However, potential bacterial contamination of the food by the fresh vegetables, soy sauce, and raw beef has been suggested (Jo et al., 2003) . In addition Song et al. (2001) reported that high levels (10 5 CFU/g) of Bacillus spp. were contaminated in soy sauce, which is a major component of bulgogi sauce. Use of gamma irradiation on bulgogi sauce and bulgogi product kept more stable quality, and improved microbiological safety than heat treatment (Jo et al., 2003; Lee et al., 2001 ). The World Health Organization (WHO) reported that gamma irradiation is a useful technology to inactivate microorganisms related to foodborne disease and food spoilage (WHO, 1999) . However, lipid oxidation and off-flavor of meat caused by irradiation make meat industry difficult to use the technology (Ahn et al., 1999; Ahn et al, 2000; Ahn et al., 2001; Kwon et al., 2008; Patterson and Stevenson, 1995) . These adverse effects are initiated by the free radicals produced during irradiation, and sulfur volatiles and carbon monoxide are also produced by the reactions between meat components and radiolytic free radicals (Ahn, 2002; Nam and Ahn, 2002) . Brewer (2009), and Kadakal and Nas (2002) reported that the generation of lipid oxidation and off-flavor in irradiated meat and meat product could be reduced by various methods such as modified atmosphere packaging, addition of antioxidants, charcoal teabag and low irradiation temperature. Packaging methods turned out to be a major factor influencing levels of volatiles as well as types of volatiles in irradiated meat (Ahn et al., 2002) . Vacuum packaging was more effective than aerobic packaging in preventing lipid oxidation of meat during irradiation (Nam and Ahn, 2003) . In addition, the antioxidants and Nas, 2002) . The product temperature during irradiation is also the factor related to lipid oxidation of food because the initial ionization, excitation events and the reaction of the active oxygen species are dependent on the temperature (Swallow, 1997). Especially, the free radical, which is a major factor for a chemical change such as oxidation reaction, has a limited mobility in the frozen state. However, until now, the studies to evaluate the effects of these treatments on reducing adverse effects in bulgogi during irradiation have not been conducted. Thus, objective of this study was to determine the effects of each physicochemical treatment such as packaging conditions (aerobic and vacuum), antioxidants (vitamin C + α -tocopherol (0.0 and 1.0%, w/w)), charcoal teabag (0 and 10 g), and different temperature (room temperature, -20 and -70°C) on microbial safety, volatiles, lipid oxidation, and sensory property of beef bulgogi during irradiation.
Materials and methods

Materials
Beef (tenderloin), soy sauce, sugar, onion, celery, green onion, garlic, ginger, black pepper, whole dried red pepper and charcoal teabag were purchased from local store. The tenderloin was obtained after 25 h of slaughter, and sliced into 2 × 2 × 0.8 cm. Vitamin-C and α-tocopherol were obtained from a manufacturing food additive company (MSC Co., Korea).
Preparation of bulgogi sauce and bulgogi Bulgogi sauce was prepared with soy sauce (295 g) and other spices (water: 295 g, sugar: 205 g, onion: 72 g, celery: 29g, green onion: 58 g, garlic: 29 g, ginger: 8 g, black pepper: 1 g, whole dried red pepper: 8 g). All ingredients were mixed in a pot and boiled at 100°C for 30 min, and sauce was then cooled to room temperature. Sliced tenderloin (2,000 g) was marinated in the sauce at 4°C for 2 h. To prepare bulgogi, the marinated beef was placed on a preheated pan at 170°C, cooked at 78°C of internal temperature for 9 min, and then cooled for 20 min at room temperature.
Preparation of samples treated by each physicochemical condition Each cooked bulgogi was treated by four treatment conditions, and the qualities of samples were evaluated separately by each physicochemical treatment after irradiation. i) Aerobic or vacuum (75 cmHg) package using an aluminium-laminated low-density polyethylene (Al-LDPE, Sunkyung Co. Ltd., Korea) by a packaging machine (Leepack, Hanguk Electronic, Korea) . ii) Antioxidants (vitamin C + α-tocopherol (0.0 and 1.0%, w/w)) were added to bulgogi, and vacuum packaged. In our previous result, the optimal addition rates of antioxidants (vitamin C and α-tocopherol) on bulgogi were determined as vitamin C (0.5%, w/w) and α-tocopherol (0.5%, w/w), respectively (date not shown). iii) Bulgogi was vacuum-packaged with a charcoal teabag (0 and 0.5%). iv) Vacuum-packaged bulgogi was stood by different temperature (room temperature, -20 and -70°C) before gamma irradiation.
Gamma irradiation
The samples were irradiated at a cobalt-60 gamma irradiator (point source, AECL, IR-79, Canada) in the Advanced Radiation Technology Institute, Korea Atomic Energy Research Institute (Korea) by 0, 5, 10, 15, and 20 kGy. The source strength was approximately 300 kCi with a dose rate of 10 kGy/h and the actual doses were within 2% of the target dose. Dosimetry was performed with 5 mm-diameter alanine dosimeters (Bruker Instruments, Germany). Meanwhile, a temperature of each sample during irradiation was maintained by the method of Park et al. (2008) . The frozen samples were placed in the container box filled with ice (-20°C) and dry ice (-70°C), respectively.
Total bacterial populations
The bacterial populations in samples were determined on 0, 7, 14, and 30 d. The 10 g portions of samples were aseptically placed in a sterile bag (10 × 15 cm; Sunkyung Co. Ltd., Korea) containing 90 mL of peptone water (0.1%) and pummeled in a stomacher (Model 400, Tekmar Co., USA) for 1 min. One mL of pummeled sample was appropriately diluted and the diluent was pour-plated using plate count agar (Difco Lab., USA). Plates were incubated at 37 o C for 48 h, and colonies on plates were manually counted.
